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Background: To investigate the diagnostic value of coronary CT angiography (CCTA) by 
bifurcation angle measurement in the assessment of calcified plaques compared to the conventional 
coronary lumen analysis. 
Methods: Fifty-three patients with calcified plaques identified on CCTA in the left coronary artery 
were included in the study. Minimal lumen diameter (MLD) and bifurcation angle between the left 
anterior descending (LAD) and left circumflex (LCx) were measured and compared between CCTA 
and invasive coronary angiography (ICA), while the areas under the curve (AUCs) by receiver-
operating characteristic curve analysis (ROC) were compared between CCTA and ICA with regard 
to the diagnostic value of using bifurcation angle as a criterion. 
Results: On a per-vessel assessment, the sensitivity, specificity, positive predictive value (PPV) and 
negative predictive value (NPV) and 95% confidence interval (CI) with use of bifurcation angle for 
determining coronary stenosis were 100% (86%, 100%), 79% (59%, 92%), 81% (62%, 92%), and 
100% (85%, 100%) for CCTA, 100% (86%, 100%), 82% (63%, 94%), 83% (65%, 94%), and 100% 
(85%, 100%) for ICA, respectively. While the sensitivity and NPV remained unchanged, the 
specificity and PPV of CCTA by MLD were 33% (21%, 47%) and 43% (31%, 56%).  The AUCs by 
ROC curve analysis for CCTA and ICA bifurcation angle measurements demonstrated no significant 
difference (p>0.05, 0.79 vs 0.86, and 0.70 vs 0.68 at the LAD and LCx assessment, respectively). 
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Conclusion: Coronary CT angiography by bifurcation angle measurement shows significant 
improvement in the diagnosis of calcified plaques with diagnostic value comparable to invasive 
coronary angiography. 




In recent years, the role of wall shear stress has attracted much interest as a complementary 
explanation for plaque formation in coronary artery disease (CAD) [1-3].  The influence of blood 
flow in the development of atherosclerosis is based on the observation that plaques are distributed 
near side branches or arterial stenosis, where the flow is non-uniform, and at the lesser curvature of 
bends where blood flow speeds are relatively low [4, 5].  Coronary plaques appear specifically in the 
left coronary artery near the bifurcation angle formed by two main coronary branches where the flow 
is disturbed and endothelial shear stress is low [6-8]. 
Altered hemodynamic parameters at the bifurcation region are closely associated with the 
development of atherosclerosis [9, 10].  Increased bifurcation angle decreases wall shear stress, 
which leads to plaque proliferation [11-13].  Studies using coronary CT angiography (CCTA) or 
intravascular ultrasound (IVUS) have demonstrated that the wide bifurcation angle is associated with 
increased prevalence of CAD or the presence of high-risk plaques [13-17].  Although invasive 
coronary angiography (ICA) is widely used as the reference technique for confirmation of coronary 
stenosis, assessment of bifurcation angle by ICA could be limited due to potential foreshortening and 
out-of-plane magnification [18, 19].  To the best of our knowledge, there is no report on comparison 
of coronary bifurcation angle and lumen measurements between CCTA and ICA in patients with 
CAD.  Thus, the purpose of this study is to investigate the diagnostic value of CCTA in coronary 
plaques by comparing bifurcation angle and coronary lumen measurements with ICA as the reference 
method.  This study only focuses on the assessment of calcified plaques as it is well-known that 
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CCTA has low specificity and low positive predictive value in the diagnosis of calcified plaques [20-
23]. Therefore, we hypothesized that the approach of measuring bifurcation angle with CCTA is 
more accurate than coronary lumen assessment in the diagnostic evaluation of calcified plaques. 
MATERIALS AND METHODS 
Study population 
All patients who were referred for the assessment of CAD between March and August 2014 with 
CCTA and ICA examinations performed within a 4-week interval were retrospectively reviewed.  
Only those patients with calcified plaques (detected by CCTA) in at least one left coronary artery 
were included in the study.  The exclusion criteria consisted of contraindications for contrast medium, 
previous history of coronary stenting or coronary bypass grafting, renal dysfunction or intolerance to 
beta-blockers.  Out of 75 consecutive patients with CCTA and ICA imaging who were screened, 53 
were eligible for inclusion.  Reasons for exclusion were non-calcified or mixed plaques on coronary 
arteries (n=15), coronary stenting (n=5), and poor CCTA image quality (n=2).  The patient’s 
characteristics are summarized in Table 1. Ethics approval from institutional review board was 
waived in this study as acquisition of CCTA images was part of clinical examination for the 
diagnosis of CAD.  No informed consent was obtained from the patients, given the retrospective 
nature of the study. 
CCTA scanning protocol 
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The patients were scanned with a first-generation dual-source CT (Somatom Definition, Siemens 
Healthcare, Forchheim, Germany), or a second-generation dual-source CT (Somatom Definition 
Flash, Siemens Healthcare, Forchheim, Germany), or a first-generation 320-slice CT (Toshiba 
Aquilion ONE, Toshiba, Otawara, Japan).  The CCTA scanning parameters were (i) for the first-
generation dual-source CT scanner: 2 x 32 x 0.6 mm detector collimation, gantry rotation of 0.33 s, 
with a tube voltage of 100-120 kV depending on body mass index (BMI) and tube current ranging 
from 345 to 420 mAs with retrospective ECG-gating, (ii) for the second-generation dual-source CT 
scanner: 2 x 64 x 0.6 mm detector collimation, gantry rotation of 0.28 s, with a tube voltage of 100-
120 kV depending on BMI and tube current ranging from 330 to 450 mAs with retrospective ECG-
gating, and (iii) for the first-generation 320-slice CT scanner: 320 x 0.5 mm detector collimation, 
gantry rotation of 0.35 s, with a tube voltage of 100-120 kV depending on BMI and automatic tube 
current modulation with prospective ECG-gating.  Beta-blockers were administered in patients with 
heart rate more than 65 bpm (beats per minute) for 320-slice CT scanning and in patients with heart 
rate more than 80 bpm for the first and second-generation dual-source CT scanning. 
A bolus of non-ionic contrast medium Iopromide at 370 mg/mL (Iopromide 370, Bayer Schering 
Pharma) which varied between 50 and 75 mL was injected intravenously (flow rate, 4-5.5 ml/s, 
depending on the kV used in the scanning protocol), followed by 30 mL saline chaser.  A bolus 
tracking technique was used to synchronize the arrival of contrast medium in the coronary arteries 
for initiation of the scan with CT attenuation of 120 Hounsfield unit (HU) as the triggering threshold.  
ECG tube current modulation was used with full tube current from 30% to 75% of the R-R interval.  
The pitch for the retrospectively ECG-gated scan varied from 0.2-0.4, depending on the heart rate for 
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the first and second-generation dual-source scanners.  Images were reconstructed with a slice 
thickness of 0.6-0.75 mm and a reconstruction interval of 0.5-0.6 mm for the first and second-
generation dual-source CT, 0.5 mm and interval of 0.25 mm for 320-slice CT, respectively. 
CCTA image analysis 
All datasets from CCTA scans were transferred to a separate workstation equipped with Analyze V 
11.0 software (AnalyzeDirect, Inc., Lexana, KS, USA) for image post-processing and analysis.  Post-
processing and analysis was done by two experienced assessors (with 7 and more years of experience 
in cardiac CT imaging), who were blinded to the results of the ICA analysis.  The minimal lumen 
diameter (MLD) of the two main coronary arteries (left anterior descending (LAD) and left 
circumflex (LCx)) was measured on multiplanar/curved planar reformatted images in the views 
showing the highest degree of stenosis caused by calcified plaques.  Right coronary artery was not 
assessed as this study focused on the left coronary bifurcation angle.  The interval of MLD 
measurements in CCTA and ICA was 2 weeks.  Three consecutive measurements of the MLD at 
each coronary lesion were obtained, and the mean value was used to avoid intra-observer 
disagreement.  Assessors performed the measurements independently with good inter-observer 
agreement of 85% and intra-observer agreement of 86%. 
The percentage of coronary lumen stenosis was calculated using the following formula: 
% coronary stenosis = (RD-MLD)/RD        (1) 
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RD refers to the reference vessel diameter of normal coronary artery.  The degree of coronary lumen 
stenosis was considered significant when the percentage of reduction was >50%.  When there were 
multiple calcified plaques present in the coronary arteries, measurements were performed at the most 
severely calcified lesions. 
Invasive coronary angiography 
The ICA was performed by femoral or radial approach.  The MLD was measured at the most severe 
narrowing of two main coronary arteries (LAD and LCx) by a radiologist with 15 and more years of 
experience in cardiac imaging.  Similarly, three consecutive measurements of the MLD within the 
same lesion were obtained, and the mean value was considered as final. 
Measurement of bifurcation angle  
Bifurcation angle was measured only during diastolic phase for both CCTA and ICA, as the 
maximum angulation can be achieved only during diastolic phase. Three dimensional (3D) volume 
rendering (VR) CCTA images were reconstructed and the VR views with clear visualization of the 
angulation in the left coronary artery were used to determine the bifurcation angle between LAD and 
LCx (Fig. 1).  Measurements were performed by two assessors (with 7 and more years of experience 
in cardiac CT imaging), who were blinded to the results of ICA.  Figure 2 shows the bifurcation 
angle measurement in ICA.  Measurements were performed by the same assessors 2 weeks later after 
CCTA data analysis to avoid prior knowledge of the previous measurements on CCTA images.  
Similar to the approach used in measurements of MLD, three consecutive measurements of the 
bifurcation angle were obtained and the mean value was considered as final.  Assessors reported the 
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presence of coronary plaques and coronary stenosis with regard to the corresponding bifurcation 
angle, with good inter-observer agreement of 91% and intra-observer agreement of 95%. 
Statistical analysis 
Statistical analyses were performed using SPSS 21.0 (SPSS Inc, Chicago., IL, USA).  Continuous 
variables were expressed as mean ± standard deviation, while categorical variables were presented as 
percentages.  All variables input to t-test procedures were first examined for normality with the 
Kolmogorov-Smirnov test.  Sensitivity, specificity, positive predictive value (PPV) and negative 
predictive value (NPV) for the diagnosis of coronary stenosis (>50%) based on MLD measurement 
using CCTA were calculated for two coronary arteries separately with ICA as the reference method. 
The diagnostic value of CCTA and ICA based on bifurcation angle measurement was calculated with 
degree of stenosis on ICA as the reference method.  Receiver-operating characteristic (ROC) curve 
analysis was used to assess the diagnostic performance of CCTA and ICA using these measurement 
approaches for diagnosis of coronary stenosis.  The areas under the ROC curves (AUCs) were 
compared between these two imaging methods.  Bland-Altman plot analysis was used to estimate the 
mean difference in bifurcation angle measurements between CCTA and ICA.  This provides a visual 
indication of how the measurement bias varies in the assessment of left coronary bifurcation angle 
between these two imaging modalities.  A p value of < .05 was considered statistically significant. 
RESULTS 
Table 1 shows the distribution of calcified plaques in these two coronary arteries.  ICA showed 
coronary stenosis greater than 50% in 25 (47%) patients, involving a total of 28 coronary arteries.  
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Most of calcified plaques (61%) were found to involve the LAD, with 3 patients having two-vessel 
disease (LAD and LCx). 
The mean bifurcation angle measured with CCTA and ICA was 81.9 ± 12.3º and 81.7 ± 11.5º 
respectively.  The mean difference of bifurcation angle measurements between CCTA and ICA was 
not statistically significant (0.23º ± 6.06º, p=0.19).  The Bland-Altman plots show a large amount of 
values near the zero bias line and a very slight positive bias of 0.23º (Fig. 3). 
The sensitivity, specificity, PPV and NPV and 95% confidence interval (CI) for CCTA and ICA with 
use of bifurcation angle for diagnosis of CAD at LAD and LCx are presented in Table 2.  By using 
80º as a cut-off value for determining significant coronary stenosis, our results showed no significant 
difference between the diagnostic value of CCTA and ICA based on bifurcation angle measurement 
(p=0.80-0.92), although the specificity and PPV in ICA was slightly higher than that observed in 
CCTA as shown in Table 2.  The AUCs by ROC curve analysis for CCTA and ICA bifurcation angle 
measurements demonstrated no significant difference, with the corresponding AUCs being 0.79 and 
0.86 (Fig. 4A), in the LAD (p=0.13) and 0.70 and 0.68 (Fig. 4B) in the LCx (p=0.81), respectively. 
The sensitivity, specificity, PPV and NPV and 95% CI for CCTA assessment of MLD at per-vessel 
level were 100% (84%, 100%), 18% (6%, 37%), 49% (33%, 64%) and 100% (48%, 100%) for LAD; 
100% (54%, 100%), 50% (30%, 70%), 32% (12%, 56%), and 100% (75%, 100%) for LCx, 
respectively.  The AUCs by ROC curve analysis showed significant differences between CCTA and 
ICA, with corresponding AUCs being 0.58 and 0.98 based on analysis of MLD in the LAD (p=0.007) 
(Fig. 5A), 0.67 and 0.97 (p=0.02) in the LCx (Fig. 5B), respectively. 
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Figure 6 is an example of a patient with calcified plaques in the LAD and LCx showing wide 
bifurcation angles measured on CCTA and ICA, with significant coronary stenosis confirmed on 
ICA, while Figure 7 shows another example of calcified plaque in the LCx, with measured narrow 
bifurcation angles on both techniques, and no significant stenosis on ICA. 
DISCUSSION 
In this study, we compared the diagnostic value of CCTA in the assessment of calcified plaques 
based on bifurcation angle measurements and coronary lumen changes with ICA as the reference 
method to determine the degree of stenosis.  To the best of our knowledge, this study is the first 
head-to-head comparison study between CCTA and ICA to examine the diagnostic accuracy of using 
bifurcation angle as a criterion to diagnose coronary artery disease as opposed to coronary lumen 
assessment. 
Main findings of this study can be summarized as follows: First, CCTA using bifurcation angle 
shows high diagnostic value which is comparable to that of ICA, indicating the reliability of using 
this approach for the assessment of calcified plaques.  Second, CCTA based on MLD is still 
significantly affected by the presence of heavy calcification with low specificity and PPV.  Thus, 
measurement of bifurcation angle could be recommended as an alternative to coronary lumen 
assessment when analyzing patients with high calcification to improve the specificity and PPV. 
Advances in CT technology have improved the diagnostic value of CCTA, making it a widely used 
less-invasive imaging modality in the diagnosis of CAD, determination of adverse cardiovascular 
events and improvement of patient outcomes, leading to reduction of overall health care costs [24-
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28].  Despite these promising results, it is well known that diagnosis of calcified coronary plaques 
using CCTA is affected by artifacts resulting from the high calcium scores in the coronary artery, 
thus compromising the specificity and PPV as well as prognostic value of major adverse cardiac 
events [29].  The reported specificity of CCTA ranges from 19% to 53% in patients with highly 
calcified plaques [20, 22, 23, 30], according to the assessment of coronary lumen stenosis.  Finding 
in our study are consistent with these results, with very low specificity (18%) noticed in the LAD, 
and low PPV (32-49%) noticed in both LAD and LCx, further confirming the limited value of CCTA 
in the diagnosis of calcified plaques.  The limitation of standard CCTA can be overcome with a 
newly introduced high-definition CT scanner with substantially improved in-plane spatial resolution 
of 0.23 mm, therefore, reducing beam hardening and blooming artifacts due to heavy calcification in 
coronary plaques [31].  Pontone et al compared the diagnostic value of high spatial resolution (0.23 
mm) with standard spatial resolution (0.625 mm) CCTA in 184 patients at high risk for CAD by 
using ICA as the reference method [32].  In a segment-based analysis, the specificity and PPV were 
98% and 91% for high resolution CCTA, which is significantly higher than the 95% and 80% for 
standard CCTA.  No differences were found in the assessment of non-calcified or mixed plaques 
between the two groups, however, the overall agreement between CCTA and ICA was significantly 
improved in the analysis of calcified plaques for high resolution CCTA when compared to the 
standard CCTA (83%, 91%, 85% and 73% vs 53%, 58%, 51% and 49%, corresponding to all, small, 
moderate and large calcified plaques, respectively). 
In contrast, previous studies have shown that using bifurcation angle to diagnose CAD improves the 
diagnostic performance with wide angulation associated with diseased coronary arteries and high-
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risk plaques [14, 17, 33, 34].  High-risk plaques were found to be associated with higher bifurcation 
angles when compared to the normal coronary arteries, indicating the correlation between wide 
bifurcation angle and plaque formation and development of high-risk plaques.  A strong correlation 
between low shear stress and endothelial dysfunction and atherosclerotic lesions in the arterial 
bifurcations or in areas of abrupt curvatures has been well established [5, 35, 36].  Shear stress is 
well known to play an important role in both early plaque formation and progression [5, 37].  
Furthermore, bifurcation angle variation also plays a vital role in atherosclerosis development: the 
larger the bifurcation angle, the greater the turbulence and the greater the hemodynamic impact in the 
arterial regions [5, 38]. Results from our study are in accordance with previous observation, as the 
specificity and PPV is close to 80% for CCTA and more than 80% for ICA, showing the reliability of 
using the bifurcation angle approach in the analysis of calcified plaques mainly because of a reduced 
overestimation of coronary artery stenoses.  Therefore, measurement of bifurcation angle could be 
incorporated into the routine diagnostic assessment of coronary artery disease, especially in those 
with calcified plaques. 
The importance of bifurcation angle has been well recognized in the area of bifurcation intervention, 
since bifurcation angulations can impact both peri-procedural and long-term outcomes of 
percutaneous coronary intervention (PCI) [39-41].  However, the exact relationship between 
bifurcation angle and coronary artery disease has not been fully elucidated.  Rodriguez-Granillo GA 
et al. measured bifurcation angles using CCTA in 50 patients and their results showed that the 
median bifurcation angle was 88.5º, with close association between wide angles and LAD or LCx 
disease [42].  The natural distribution of bifurcation angles by CCTA were between 72 ± 22º and 80 
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± 27º, according to previous studies [15, 16].  This supports our criterion of using 80º as cut off to 
determine the coronary artery disease.  However, these previous reports only compared the 
bifurcation angles between normal and diseased coronary arteries, while in this study we extended 
the application of using bifurcation angle to address a challenging area in CCTA, which is the 
diagnostic value of CCTA in patients with calcified plaques.  With high prevalence of diseased 
coronary arteries in the selected patients, this study shows high diagnostic accuracy of using 
bifurcation angle for diagnosis of coronary artery disease by CCTA with excellent correlation to ICA, 
although further research based on a large sample size is needed to support our findings. 
Invasive coronary angiography is the gold standard for the identification of obstructive coronary 
lesions. However, it lacks the sensitivity and specificity for the early detection of the vulnerable 
plaque.  The role of ICA is gradually diminishing as compared to other imaging modalities such as 
CCTA or IVUS, which are able to look beyond the lumen and characterize plaque morphology or 
vessel wall [43, 44].  The limited diagnostic value of CCTA for coronary lumen analysis in calcified 
plaques is demonstrated in this study. However, the high diagnostic performance of CCTA by 
measuring bifurcation angle compared to ICA indicates that CCTA can be used as an alternative to 
ICA when diagnosing the calcified plaques. 
There are some limitations in this study.  First, the study is limited by the retrospective, single-center 
design with a small sample size.  Further studies based on a large population, preferably in a 
multicenter trial with an established follow-up period are needed.  Second, only calcified plaques 
were analyzed while other types of plaques were excluded.  This can be explained by the fact that 
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calcified plaques present a major challenge to the diagnostic value of CCTA.  Third, despite a direct 
comparison of CCTA findings with ICA in this study, no treatment outcomes such as PCI are 
available, thus, it is difficult to assess how the bifurcation angles impact the selection of treatment 
strategies.  Finally, all bifurcation angles were obtained using 2D angiographic images, while 3D 
quantitative analysis allows for more accurate measurement of bifurcation angles, as suggested by 
some researchers [45, 46].  Although several 3D quantitative coronary angiography programs are 
available, discordant results have been reported regarding the accuracy of using this technique for 
bifurcation angle measurements [47-49].  Our analysis shows a very good correlation between 3D 
CCTA and 2D ICA measurements of bifurcation angle, although attention should be paid when 
performing ICA measurements due to presence of large variabilities in optimal viewing angles [50]. 
In conclusion, this study extends the application of using bifurcation angle by CCTA beyond the 
lumen assessment of coronary artery disease by showing high diagnostic value of CCTA in patients 
with calcified plaques.  A good correlation is found between CCTA and ICA in using bifurcation 
angle measurement for determination of coronary artery stenosis with wide angulation associated 
with significant coronary stenosis.  CCTA by bifurcation angle can be used as a reliable alternative to 
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Figures and figure legends 
 
Figure 1. Bifurcation angle between left anterior descending (LAD) and left circumflex (LCx) is 
measured 86.8º on a 3D volume rendering image in a 54-year-old man with multiple calcified 




Figure 2. Same patient as in Figure 1. A: Bifurcation angle between LAD and LCx is measured 72.2º 
during the systolic phase on invasive coronary angiography (ICA) image. B: The bifurcation angle is 
measured 88.5º during the diastolic phase on ICA image, indicating the significant difference of 





Figure 3. Bland-Altman plots of coronary CT angiography (CCTA) vs invasive coronary 
angiography (ICA) bias, showing line of mean bias (0.23º) and 95% tolerance limits above zero bias. 
 
Figure 4. AUCs by receiver-operating characteristic curve analysis demonstrate the diagnostic 
performance of CCTA by bifurcation angle in the diagnosis of coronary stenosis when compared to 
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ICA by bifurcation at LAD and LCx (A, B). There is no significant difference between CCTA and 
ICA by bifurcation angle measurements at these two coronary arteries. 
 
Figure 5. AUCs by receiver-operating characteristic curve analysis demonstrate the diagnostic 
performance of CCTA by minimal lumen diameter analysis in the detection of coronary stenosis 
when compared to ICA at LAD and LCx (A, B). Significant difference is found between CCTA and 





Figure 6. A and B: Curved planar reformatted CCTA images show multiple calcified plaques at the 
proximal segment of LAD and LCx in a 57-year-old man. C: 3D volume rendering CT demonstrates 
wide angulation with bifurcation angle measured 86º. D: Bifurcation angle is measured 85º on ICA 
image, with significant stenosis at the proximal segment of LAD (long arrow), but no significant 







Figure 7. A: Curved planar reformatted CCTA image shows a calcified plaque at the proximal 
segment of LCx in a 69-year-old man. B and C: Bifurcation angle is measured 72.1º and 73.9 º on 3D 
volume rendering and ICA images, respectively, with no significant stenosis on LCx. Arrow refers to 
the plaque at LCx. 
 
